von Uckermann G, Bü schges A. Premotor interneurons in the local control of stepping motor output for the stick insect single middle leg. In insect walking systems, nonspiking interneurons (NSIs) play an important role in the control of posture and movement. As such NSIs are known to contribute to statedependent modifications in processing of proprioceptive signals from the legs. For example, NSIs process a flexion of the femur-tibia (FTi) joint signaled by the femoral chordotonal organ (fCO) such that the stance phase motor output is reinforced in the active locomotor system. This phenomenon representing a reflex reversal is the first part of the "active reaction" (AR) and was hypothesized to functionally represent a major control feature by which sensory feedback supports stance generation. As NSIs are known to contribute to the AR, the question arises, whether they serve similar functions during stepping and whether the AR is generally part of the control system for walking. We studied these issues in vivo, in a single leg preparation of Carausius morosus with the leg kinematics being confined to changes in one plane, along the coxa-trochanteral and the FTi-joint. Following kinematic analysis, identified NSIs (E1-E8, I1, I2, and I4) were recorded intracellularly during single leg stepping at different velocities. We detected clear similarities between the activity pattern of NSIs during single leg stepping and their responses to fCOstimulation during the generation of the AR. This strongly supports the notion that the motor output generated during the AR reflects part of the control regime for stepping. Furthermore, our experiments revealed that alterations in stepping velocity result from modifications in the activity of the premotor NSIs involved in stance phase generation.
I N T R O D U C T I O N
The walking motor output of legged animals results from a continuous interaction between the activity of central neural networks (central pattern generators), local signals arising from the activity of sense organs that report movement and forces generated in a leg and the intersegmental signals contributing to the coordination of stepping between the different legs (reviews in Dürr et al. 2004; Orlovsky et al. 1999; Ritzmann and Büschges 2007a) . Both timing and the actual magnitude of motor output is controlled by local sensory feedback (reviews in Büschges 2005; Grillner 2003; Pearson 2000; Ritzmann and Büschges 2007b) . Information about the identity of central neurons involved in the generation of stepping motor output is available in great detail for insect walking systems (Bässler and Büschges 1998; Burrows 1996; Field and Matheson 1998) . Evidence suggests that local premotor nonspiking interneurons (NSIs) play a significant role in the neural processing that generates the motor output driving the insect leg (reviews in Burrows 1996; Büschges and Gruhn 2008) . Experiments, mostly performed on restrained or reduced preparations, suggest that NSIs might serve various important functions in motor control in vivo such as the following: 1) NSIs act as summation points for signals originating from various sources, e.g., descending signals, local sensory processing, and intersegmental information as for example from sense organs of other legs. The resulting membrane potential of a NSI affects the magnitude of the activity in the postsynaptic leg motoneuron (MN) it innervates with respect to the individual connections of the given neuron (e.g., Büschges et al. 1994; Kittmann et al. 1996; Burrows 1988, 1989; Siegler 1981) . The coordination of motor activity by NSIs is achieved in two ways, first by virtue of their particular excitatory or inhibitory postsynaptic effects on MNs and second by direct inhibitory interconnections among the NSIs themselves (Siegler 1985) . Nonspiking neurons release transmitter as a graded function of their membrane potential not only in walking systems of insects (reviews in Burrows 1996; Büschges and Gruhn 2008; Siegler 1985) and in rhythmic motor systems of crustaceans (e.g., ventilatory, swimmeret, and stomatogastric system) (reviewed in Simmers 1981; see also DiCaprio 1989; Johnson et al. 1995) but also in many sensory systems of invertebrates (e.g., stretch receptor, reviewed in Bush 1981; photoreceptorlamina complex, reviewed in Shaw 1981) and vertebrates (e.g., olfactory bulb, reviewed in Bufler et al. 1992; Sheperd 1981; retina, reviewed in Fain 1981) . NSIs are likely candidates for controlling the actual magnitude of motor activity during walking. Knowledge on NSIs is particularly detailed for the NSIs driving tibial MNs in stick insects and locusts Büschges 1990 Büschges , 1995 Büschges et al. 1994; Kittmann et al. 1996) . 2) Furthermore, NSIs appear to be important elements in the generation of state-dependent modifications in sensorimotor processing in the insect leg muscle control system. Such modifications occur, for example, when the locomotor system switches from rest to walking, a change from postural to movement control (Driesang and Büschges 1996; Kittmann et al. 1996) . In the femur-tibia (FTi) control loop of the stick insect middle leg, NSIs are known to modify their processing of flexion signals from the femoral chordotonal organ (fCO) depending on the actual state. The motor output is altered so that flexion signals from the fCO generating the postural reflex in the resting animal, generate the "active reaction" (AR) (Bässler 1976 (Bässler , 1988 , which supports the ongoing flexion movement in the first part, i.e., the reflex reversal, when the locomotor system is active (Bässler 1988; Driesang and Büschges 1996) . Based on these findings, it is currently assumed that specific responses of NSIs to fCO flexion signals from the FTi-joint in the active animal might also contribute to the generation of the stance phase motor output, i.e., the phase of flexor MN activity, during walking in vivo.
In the present study, we tested this assumption on the roles that NSIs play in the generation of single leg stepping. To study this issue, a preparation was needed in which the activity of the NSIs could be compared with the data collected from the restrained preparations used for the investigation of the AR. That means that coordinating influences from the neighboring legs on the membrane potential modulation of the investigated neurons contributing to the control of the stepping leg needed to be excluded, and that it must be possible to specifically focus on the control of tibial MNs driving the flexor and extensor tibiae muscles (Bässler and Büschges 1998; Burrows et al. 1988; Büschges 1990; Büschges and Wolf 1995; Driesang and Büschges 1996) . We therefore decided to study the activity pattern of NSIs in the single leg preparation . First, in this preparation, there is only local sensory feedback acting. Coordinating influences from the sensory organs on the other legs can be neglected because the other legs are removed. Second, stepping movements of the middle leg are confined to one plane involving only two leg joints, i.e., the coxa-trochanter (CTr) and the FTi-joint (Bässler 1993a; Fischer et al. 2001) with the largest angular excursions apparently taking place in the FTi-joint (Bässler 1993a; Fischer et al. 2001) . Therefore the situation is very similar to the one in reduced preparations of restrained animals used for fCO stimulation.
We will present data on the activity pattern of previously identified NSIs driving tibial MNs during single leg stepping. First, we will describe the modulation in membrane potential of identified NSIs during single leg stepping. Our data provide evidence that marked similarities exist between the time courses of membrane potential during stepping and during the generation of the reflex reversal (i.e., the AR) on selective stimulation of the fCO alone. That means that the contribution of NSIs to the motor output is qualitatively the same during the generation of both motor programs. Second, based on studying specific alterations in the time course of membrane potential changes with varying stepping velocity, we conclude that NSIs contribute to controlling the actual magnitude of motor output during walking, specifically during leg stance.
M E T H O D S Preparation
All experiments were performed under dimmed daylight conditions and room temperature (18 -24°C) on adult female stick insects of the species Carausius morosus (Brunner) from a breeding colony maintained at the University of Cologne. Experimental animals were set up for the experiments according to the procedures described for the single middle leg preparation Schmidt et al. 2001) . In brief: all legs except the middle leg studied were amputated at the middle of the coxa, thereby excluding coordinating influences from the sensory organs reporting movement and strain signals from the other legs. The animal was attached dorsal side up along the edge of a foam platform using dental cement (Protemp II, ESPE, Seefeld, Germany). To prevent pro-and retraction of the leg, the thorax-coxa (ThC) joint was blocked mechanically with dental cement and deafferented later. The thorax of the animal was opened by a sagittal cut along the dorsal midline spanning from the middle of the meso-to the middle of the metathorax, and both sides of the cuticle were folded apart and fixed with insect pins. Gut, fat, and connective tissue were removed to expose the mesothoracic ganglion and the lateral nerves. Tracheae were left intact wherever possible. To exclude indirect sensory influences, lateral nerves nl2, nl4, and nl5 (nomenclature according to Graham 1985; Marquardt 1940) ipsilateral to the remaining leg, as well as all nerves on the contralateral side, were crushed with fine forceps. To stabilize the mesothoracic ganglion, it was lifted onto a movable waxed platform and the surrounding connective tissue was pinned down with small cactus spines (Nopalea dejecta). To improve electrode penetration, small crystals of a proteolytic enzyme (Pronase E, Merck, Darmstadt, Germany) were placed on the ganglionic sheath for 60 -90 s (Büschges 1990) . Then the enzyme was thoroughly washed out. Throughout the experiment the thorax was filled with saline (pH 7.2) (composition according to Weidler and Diecke 1969) .
Video analysis of leg kinematics
For the analysis of leg kinematics, the animal was mounted on a platform as described for the single middle leg preparation with the exception that the thorax was not dissected. At the distal ends of the femur and tibia the leg was marked with orange fluorescent pigments (No. 56200, Dr. Georg Kremer Farbmühle, Aichstetten, Germany), dissolved in a shellac/alcohol solution. A high-speed video camera (Marlin F-033C, Allied Vision Technologies, Stadtroda, Germany) was positioned in front of the animal and aligned to its longitudinal axis so that the plane of movement of femur and tibia was perpendicular to it. This allowed an analysis of joint angles. The leg was illuminated with blue light-emitting diode (LED) arrays (24 V AC/ DC, Conrad Electronic) to cause a better fluorescence of the labels, and the leg movement was videotaped (100 frame/s) during stepping. The pictures were fed into a personal computer through a FireWire interface, stored as video files, and analyzed using the motion tracking software WINanalyze (Version 1.9, Mikromak Service, Berlin, Germany). For definition of joint angles, the fluorescent markers on the femur and tibia were used as well as the position of the immobilized coxa.
Extracellular and intracellular recordings
Activity of extensor tibiae motoneurons was recorded extracellularly from lateral nerve nl3, containing all three axons innervating the extensor tibiae muscle [fast extensor tibiae (FETi), slow extensor tibiae (SETi), and common inhibitor 1 (CI 1 )] (Bässler and Storrer 1980) with a monopolar hook electrode (modified after Schmitz et al. 1988 ). Flexor tibiae activity was recorded via an electromyogram (EMG) of the flexor tibiae muscle. For this purpose, two thin copper wires were inserted closely together through the cuticle of the proximal femur and fixed with dental cement.
Intracellular recordings of premotor nonspiking interneurons (NSIs) were made from their neuropilar arborizations in the mesothoracic hemiganglion, ipsilateral to the remaining leg (for detailed description, see Büschges et al. 1994) . With regard to their identification, recorded NSIs had to meet the following criteria. 1) Manipulation of the membrane potential by injection of a current pulse influenced the activity of postsynaptic extensor motoneurons. 2) Imposed flexion and extension of the tibia, resulting in stimulation of leg sensors such as the femoral chordotonal organ (fCO), induced reproducible responses in the recorded interneuron. 3) No action potentials were observed or could be elicited during the recording (for definition and identification of nonspiking neurons, see : Burrows 1981; Büschges 1990; Hengstenberg 1977; Siegler 1985; Wilson 1981) . Neurons were impaled using sharp microelectrodes filled with 5% tetramethylrhodamine-dextran (3000 MW, anionic, lysine fixable, Molecular Probes; 5% in 3 M KAc/100 mM KCl) as tip solution and 3 M KAc/100 mM KCl shaft solution (electrode resistance: 15-25 M⍀). Microelectrodes were pulled on a P-97 filament puller (Flaming/Brown Micropipette Puller, Sutter Instruments, Novato, CA) using thin-walled borosilicate glass (GB100-TF8P, Science Products, Hofheim, Germany). Recordings were done in the bridge or discontinuous current-clamp mode of an intracellular amplifier type SEC-10L by NPI (Tamm). Following physiological characterization, dye was iontophoretically injected into a cell (2.0 to 3.5 nA depolarizing current pulses of 400 ms duration at 1 Hz for 20 -25 min). After an incubation time of 30 min to allow dye diffusion, the mesothoracic ganglion was removed from the thoracic cavity and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer with 5% TritonX. After washing in TrisHCl (3 times, 15 min each), the ganglion was dehydrated with an ascending ethanol series (50, 70, 90, 100%, 10 min each) and cleared in methylsalicylate. For morphological identification, NSIs were viewed with a Zeiss 510 confocal laser scanning microscope and compared with a catalog with camera lucida drawings of known interneurons (catalog compiled by A. Büschges).
Identification of premotor nonspiking interneurons
The different types of premotor NSIs (E1-E8, I1, I2, and I4) were identified by their known physiological and morphological characteristics according to their established properties. All types of NSIs examined were characterized previously with respect to their synaptic inputs on fCO stimulation and their synaptic drive provided onto tibial motoneurons (e.g., Büschges 1990: E1-E6, I1, I2; Sauer et al. 1996: E7, I4; Stein and Sauer 1998: E8) . Morphological characteristics were soma location, course of the primary neurite, and branching pattern in the neuropil. Excitatory (E) and inhibitory (I) NSIs were distinguished according to their synaptic drive onto extensor motoneurons on current injection. The response to fCO stimulation is one of the established criteria for identification of NSIs. As this study aimed to analyze the activity pattern of NSIs during stepping, which requires an intact leg particularly in the single leg preparation used, the FTi-joint was flexed and stretched by moving the treadmill with the resting leg on top of it, which affects the fCO noninvasively (this procedure was successfully used earlier by Büschges et al. 1994 ). In the starting position, the FTi-angle is ϳ100°. Moving the treadband toward the animal caused an imposed flexion of the leg and elongation of the fCO receptor apodeme; the opposite movement led to an extension of the FTi-joint and a relaxation of the fCO receptor apodeme. Other leg sensors potentially activated during this procedure shouldn't have a marked influence on tibial motoneuron activity for the following reasons. The sensors at the ThC-joint are inactivated due to deafferentation. The movement signals from the CTr-joint, e.g., signaled by the trochanteral and the rhombal hair plates, do not affect tibial motoneurons (Akay et al. 2001 ). Furthermore, tarsal signals affect flexor motoneurons only weakly (Fisch 2007) . Only for sensory signals from load sensors on the cuticle, i.e., the femoral campaniform sensillae, evidence is available that these do affect the membrane potential of NSIs driving tibial motoneurons (Akay 2002) . However, in all experiments of this study, the elicited response to stimulation resembled closely the known response to specific fCO stimulation (cf. Büschges 1990; Sauer et al. 1996; Stein and Sauer 1998) and not to the one Akay (2002) described for specific CS stimulation where all investigated E-NSIs were hyperpolarized and I-NSIs didn't react at all. Two types of E-NSIs, E2 and E3, are morphologically quite similar (Büschges 1990 ) and differ only little in the position dependency of their responses to fCO stimulation. Unfortunately, the position dependency of E3 varies in magnitude in the semi-intact preparation (Büschges 1990; Sauer et al. 1996) , and thus these cells could not be differentiated. Consequently all NSIs that showed morphological properties of E2 or E3 were lumped together as E2/3 (cf. Büschges and Wolf 1995; Stein and Sauer 1998) . The results presented in this study are based on a total of 56 recordings from identified NSIs and the analysis of Ͼ1,600 step cycles.
Treadmill stepping
A custom-made passive, low-friction treadmill that allowed the animal to perform stepping movements was placed under the leg, perpendicularly to the longitudinal axis of the animal (Gabriel et al. 2003) with one DC-motor attached to the treadmill to serve as a tachometer recording the belt velocity and a second DC-motor used to reduce the belt friction without moving the belt itself (details in Gabriel et al. 2003) . The treadmill was height adjusted so that the femur-tibia and tibia-treadmill angles of the middle leg studied were ϳ90°. Stepping was elicited either by a brief puff of air or by tactile stimulation of the abdomen or antennae with a soft paintbrush (Bässler 1983 ). On stimulation, the animal showed signs of arousal, such as searching movements of the antennae or bending of the abdomen, and then started to perform stepping movements. Stimulation was stopped as soon as the animal started a sequence of stepping movements. Sometimes stepping was initiated spontaneously. In the single middle leg preparation, there is a characteristic alternation of extensor and flexor tibiae activity during stepping with the extensor tibiae muscle being active throughout the swing phase and the flexor tibiae muscle during the stance phase . At the transition from one phase to the other, a short pause between MN activity can occur (on average 112 Ϯ 108 ms between extensor and flexor and 29.8 Ϯ 29.6 ms between flexor and extensor) , which was recently shown to be velocity dependent and to completely disappear during fast steps (Gruhn et al. 2009 ). For the analyses of experimental data in this study, the time of the swing phase was set as being the time of a FETi burst as seen from the extracellular extensor nerve (nl3) recording and the stance phase as the time in between two consecutive FETi bursts during stepping. This could of course blur the exact beginning of stance phase during slow steps, but this seems to be a negligible problem as the animal endogenously performs stepping at different velocities in the single leg preparation, so that the slow steps shouldn't have too much impact. The treadmill tachometer registers the positive belt velocity (raising edge of the treadmill trace) during stance shortly after the activation of the flexor muscle (cf. Gabriel 2005) . The last bit of the falling edge of the treadmill trace is determined by the inertia of the treadmill and does not contain any information about the status of the leg (cf. Borgmann et al. 2007; Gabriel et al. 2003) .
Data recording and evaluation
Electrophysiological signals and the voltage output of the treadmill tachometer were digitized and recorded on a personal computer using a Micro1401 A/D converter and Spike2 software (both Cambridge Electronic Design, Cambridge, UK). For the A/D conversion of electrophysiological data, a sampling rate of 12.5 kHz was used for extracellular recordings and 6.25 kHz for intracellular data. At these sampling rates, no loss of information could be detected compared with the signal displayed on the oscilloscope. For each NSI recording, the maximum peak-to-peak (p-p) amplitude of the membrane potential modulation during stepping was determined by subtracting the membrane potential at maximum hyperpolarization from the maximum depolarization occurring in the course of stepping sequences of one experiment. Custom Spike2 script programs were written by the authors for further data evaluation.
Spearman rank correlation was used to assess how well an arbitrary monotonic function could describe the relationship between two variables, without making any other assumptions about the particular nature of the relationship between the variables. The Spearman's rank correlation coefficient (r s ) was determined and tested for significance with a Student's t-test. Regression analysis was used to analyze linear correlation between two variables. The correlation coefficient of the regression analysis was determined and tested for significance with the Fisher test (Sachs 1971) . Correlation coefficients were regarded as significantly different from zero at P Ͻ 0.05. The following symbols show the level of statistical significance: (n.s.) not significant P Ͼ 0.05; (*) 0.01 Յ P Ͻ 0.05; (**) 0.001 Յ P Ͻ 0.01; (***) P Ͻ 0.001. Values are shown as means Ϯ SD. N gives the number of experiments and n gives the sample size.
Statistical analysis and plots were rendered using Matlab 7.1 (Mathworks), Excel 2002 (Microsoft) and Origin 6.0 (Microcal). Layout editing was performed with Corel Draw 11 (Corel).
R E S U L T S
We will first describe the joint angle changes in the FTi-and the CTr-joints during single middle leg stepping. Subsequently, we will present the pattern of membrane potential modulation during single middle leg stepping in all identified premotor NSIs innervating tibial motoneurons (MNs). We will then show that the activity of tibial MNs during stepping is correlated with the actual membrane potential in premotor NSIs. Finally, we will present evidence suggesting that alterations in membrane potential modulation in premotor NSIs also influence the stepping motor output of the middle leg when stepping velocity changes.
Leg kinematics during single leg stepping on a treadmill
Single leg stepping on a treadmill is based on a cyclic leg movement ( Fig. 1A) . During stance the leg is moved toward the body, primarily by flexion of the FTi-joint (dashed arrow), and during swing, the leg is first lifted and extended (long gray arrow), before the extended leg is then set down again (short gray arrow), thereby completing the step cycle. We studied the joint angle changes in the two main leg joints active in single leg stepping, i.e., the coxa-trochanter (CTr) and the femur-tibia (FTi) joints. The positions of the fluorescent joint markers (used for the motion tracking analysis) taken during several steps are depicted as they changed over space in the schematic drawing of Fig. 1B that shows the angles of both joints. Obviously, during stepping, major changes in angle occurred in the FTi-joint, whereas the movement amplitude in the CTrjoint was modest in comparison. This is exemplified by plotting both joint angles for six steps of a typical stepping sequence over time (Fig. 1C ). The CTr-joint angle peaked two times, once at the beginning and once at the end of stance. During stance the CTr-angle changed little. The minimum CTr-angle appeared at the middle of leg swing. In contrast, the FTi-angle was maximum at the transition from swing to stance and then decreased gradually, reaching its minimum at the transition from stance to swing. During leg swing, the FTi-angle increased steadily. Alterations in the FTi-angle were similar during stance and swing, respectively, because both the maximum and the minimum occurred right at the transitions. During one step cycle, the FTi-joint reached angular p-p amplitudes twice as big as the CTr-joint ( Table 1 ). The same was true for the change in joint angle during leg swing. During stance, however, the FTi-angle p-p amplitude was a multiple of the change in CTr-angle. The difference in joint angle excursion between the CTr-and the FTi-joints can be shown best by plotting the CTr-joint angle as a function of FTi-joint angle during stepping ( Fig. 1D ). The slightly curved part of the plot during stance phase (dashed arrow) is caused by the distal part of the tibia moving virtually parallel to the treadband (cf. Fig. 1B ). Swing phase (gray arrows) appears as a two-partite movement, which closes the loop.
Activity of premotor nonspiking interneurons during single middle leg stepping
In the following, the activity pattern of the individual types of identified premotor NSIs active during single leg stepping Leg kinematics during single leg stepping on a treadmill. A: stick figure of the leg movement: during stance phase the leg was flexed and moved toward the body (dashed arrow); during swing phase the leg was first lifted and extended and then put down again (gray arrows). B: scheme of the stepping stick insect with labeled joints and the fluorescent dots moving over space in the course of a stepping sequence. Joint angles were defined as symbolized by the 2-headed arrows. C: coxa-trochanter (CTr)-and femur-tibia (FTi)-joint angles changing over time during a typical stepping sequence. Treadmill (Tm) trace indicates the registered belt velocity. D: plot of CTr-vs. FTi-angle during stepping. For better comparability to A and B, the y axis was inverted. Again, the gray arrows mark swing and the dashed arrow marks stance phase. Data shown in A-D all result from the same stepping sequence. will be described. The description will be organized by the synaptic drive the NSIs provide onto tibial extensor MNs: first, data on the inhibitory interneurons I1, I2, and I4 will be presented, then data on the excitatory NSIs E1-E8.
NSI I1 provides inhibitory synaptic drive onto both excitatory extensor MNs. Injection of depolarizing current into I1 inhibits the activity of SETi and FETi, while injection of hyperpolarizing current releases SETi from inhibition (Büschges 1990). During middle leg stepping NSI I1 (N ϭ 3, n ϭ 133) exhibited a strong voltage modulation around its resting membrane potential (RMP, given in Fig. 2A ; see Table 2 for mean RMP of all NSI I1 recordings). The membrane potential of NSI I1 depolarized rapidly and with large amplitude during stance, i.e., during the phase of stepping when the FTi-joint underwent flexion. The level of depolarization was constant throughout stance. NSI I1 hyperpolarized with the induction of leg swing and stayed hyperpolarized during swing. The p-p amplitude of modulation in NSI I1 during stepping was large (p-p amplitude given in Fig. 2B ), being 19 Ϯ 5.3 mV on average for all I1 recordings (cf. Table 2 ). The extended presentation of two steps (Fig. 2B) shows that the depolarization of NSI I1 during stance starts at approximately the time of the last FETi action potential of the preceding swing phase. At the transition from stance to swing, the membrane potential repolarized rapidly and then hyperpolarized below RMP during leg swing. For a more detailed view on the transition from swing to stance, several sweeps were aligned with the time of n is the number of steps analyzed; values are means Ϯ SD. CTr, Coxatrochanter; FTi, femur-tibia. The resting membrane potential (RMP) of this neuron was Ϫ60 mV. The RMP value is given in this and all subsequent figures for the recording presented along with a stippled line indicating the RMP. B: extended presentation of 2 steps from the cut-out marked in A. Stance and swing phase are labeled with a black or white bar, respectively. The peak-to-peak (p-p) amplitude of the membrane potential modulation for NSI I1 is given to the left: p-p 25 mV. C: detailed time course of membrane potential at the transition from swing to stance; 13 sweeps (gray lines) and mean time course (black line). The overlay was triggered at the beginning of stance (vertical dashed line). D, 1 and 2: normalized presentation of the time course of membrane potential for the same sweeps, normalized to stance (D1) and swing phase duration (D2). E: morphology of NSI I1 in a schematized mesothoracic ganglion of Carausius morosus. The stained neuron is located in the hemiganglion ipsilateral to the remaining middle leg. n.a., nervus anterior; nl2-4, nervus lateralis 2-4; n.cr., nervus cruris. the transition and superimposed. An overlay serves to detect whether the time courses of membrane potential from all superimposed sweeps show similarities at a specific time point or potential. In the overlay, all 13 sweeps (gray) and their calculated average (black) show that a depolarization started with the beginning of stance ( Fig. 2C) . Additionally, the same sweeps were normalized to the duration of both phases, i.e., stance ( Fig. 2D1 ) and swing ( Fig. 2D2 ), separately to depict the time course of membrane potential during the individual phases. The original recording, as well as the overlays, show that the membrane potential of I1 is depolarized during stance and starts to repolarize shortly before the start of leg swing (Fig. 2, B and D1) , possibly contributing to a removal of inhibition from the extensor MNs. During swing, the membrane potential hyperpolarizes below RMP and stays hyperpolarized until the end of swing (Fig. 2, B and D2) . At the end of the experiment, the neuron was stained iontophoretically and a drawing of its morphology is shown in a schematized mesothoracic ganglion ( Fig. 2E ).
The membrane potential of NSI I2 (N ϭ 9, n ϭ 326) was also strongly modulated around its RMP during stepping (Fig.  3A , Table 2 ). It reached maximal values during stance and minimal values during leg swing. NSI I2 exerts inhibitory synaptic drive onto extensor MNs (Büschges 1990) but also excitatory drive onto flexor MNs (Büschges and Wolf 1995). Furthermore, it was observed that I2 strongly affected activity of depressor and levator MNs: depolarizing current injections led to a downward movement of the unrestricted leg (the treadmill was shortly placed aside), and hyperpolarizing current injections led to a lifting of the leg (G. von Uckermann, unpublished observation). The p-p amplitude ( Fig. 3B) was generally in the same scale as observed for NSI I1 and was 18.1 Ϯ 6.1 mV on average for all I2 recordings (Table 2) . However, the time course of I2's membrane potential during stepping was different from I1, which might reflect its differing innervation pattern. The peak depolarization of I2 was reached toward the end of swing. The cell remained depolarized throughout stance and hyperpolarized below RMP at the transition from stance to swing. This is seen more clearly with the superposition of 38 sweeps aligned with the time of the transition from swing to stance ( Fig. 3C1 ; the calculated average is given in black). The hyperpolarization of I2 was strongest at the time of the highest FETi spike frequency (interspike interval) as can be seen from the original recording as well as from the overlay plotted together with a spike raster (Fig. 3C2, top) and a spike count (Fig. 3C2, bottom) of FETi activity during swing. Normalizing the time course of membrane potential to the duration of stance and swing phases separately showed that I2 remained at a fairly constant depolarized level throughout stance, i.e., during FTi-joint flexion (Fig. 3D1 ), followed by a hyperpolarization with subsequent depolarization from its minimal membrane potential during swing (Fig. 3D2 ). Figure 3E shows the morphology of NSI I2.
Overall, the time course of membrane potential of NSIs I1 and I2 showed a depolarization during stance and a hyperpolarization during swing, thus supporting the motor output of the FTi-joint control network during single leg stepping. Another identified inhibitory NSI, i.e., NSI I4, showed a different pattern of membrane potential modulation. Like I1 and I2, NSI I4 provides inhibitory synaptic drive onto extensor MNs. Furthermore, I4 provides excitatory synaptic drive to the inhibitory extensor MN CI 1 (Sauer et al. 1996) and to flexor tibiae and depressor trochanteris MNs (Büschges 1995). Throughout the stepping sequence the membrane potential of I4 (N ϭ 2, n ϭ 33) depolarized tonically a little above RMP. I4 phasically depolarized during swing (as exemplified in Fig.  3F , dotted box) and repolarized during stance, thereby exhibiting a modulation in membrane potential opposite to NSI I1 and I2. In some cases, the repolarization during stance turned into a hyperpolarization just crossing the RMP. Preliminary data on NSI I8, which also provides inhibitory synaptic drive onto extensor MNs (Akay 2002) , suggest a similar contribution of I8 to the motor output for stepping as described for I4: the membrane potential of I8 depolarized tonically a little above RMP throughout stepping, and there was an additional phasic depolarization during swing and a repolarization during stance. In contrast to I4, I8 rapidly depolarized at swing onset and remained at a depolarized level until the next stance onset. The activity of NSIs I4 and I8 during stepping thereby opposed the motor output. The characteristic morphology of NSI I4 is shown in Fig. 3G .
For the NSIs E1-E8, providing excitatory drive onto the extensor MNs, the pattern of modulation in membrane potential also fell into two categories. In the first category, the membrane potential modulation during stepping supported the ongoing MN activity, and in the second, the depolarization pattern opposed tibial MN activity.
Interneurons of the first category were generally depolarized during leg swing and repolarized or hyperpolarized during stance. NSIs of type E2/3 (N ϭ 9, n ϭ 239) exhibited strong modulation of their membrane potential around RMP (see also Table 2 ). E2/3 depolarized during swing and hyperpolarized during stance, when the FTi-joint was flexed ( Fig. 4 , A-D2, Table 2 ). As seen in the expanded presentation of two steps (Fig. 4B) , the peak depolarization occurred during early swing. For a more detailed view on the transition from swing to stance phase, 17 sweeps (gray) from the intracellular recording were aligned with the transition time from swing to stance and superimposed, together with the calculated average (black; Fig.  4C1 ). The same 17 sweeps (gray; calculated average in black) 
N is the number of recordings. Values are means Ϯ SD. Where no mean could be calculated original values are indicated in brackets. Nonspiking interneuron (NSI) activity either supported (ϩ) or opposed (Ϫ) the generation of the visible motor output. *Contributions of NSIs E1-E6, 11, 12 to the generation of the "active reaction" (AR) were taken from Driesang and Büschges (1996) and were corroborated by the results on individual NSIs reported in this paper. The contribution of NSIs E7 and E8 to the generation of the AR was revealed in the present study. RMP, resting membrane potential; p-p, peak-to-peak.
were aligned with the first FETi spike, superimposed, and plotted together with a spike raster and a spike count of FETi (Fig. 4C2 ). There it becomes obvious that the extensor activity was closely related to membrane potential of NSI E2/3 during swing phase. This can also be seen in the last bit of the stepping sequence of Fig. 4A , which shows irregularly long and extended extensor activity; the leg remained on the treadmill and pushed it away (see treadmill trace). At the beginning of stance, i.e., with FTi-joint flexion, NSI E2/3 was hyperpolar-ized and the membrane potential remained hyperpolarized well below RMP throughout stance phase (Fig. 4, B and D1) . Phasic depolarization of E2/3 started around the transition from stance to swing with the peak depolarization occurring within the first third of leg swing (Fig. 4D2 ). NSI E5 (N ϭ 7, n ϭ 99) showed membrane potential modulations qualitatively similar to those of E2/3 described in the preceding text: E5 hyperpolarized during stance and depolarized during swing ( Fig. 4E , see also Table 2 ). The peak depolarization was reached in early swing Ϫ65 mV. B: in the extended presentation of 2 steps (cut-out from A), it is visible that I2 was strongly hyperpolarized during high extensor activity during swing. Amplitude of p-p modulation, 18 mV. Stance and swing phase are labeled with a black or white bar on top of the presentation. C1: detailed time course of membrane potential at the transition from swing to stance; 38 sweeps (gray lines) and mean time course (black line). The overlay was triggered at the beginning of stance (vertical dashed line). C2: the same sweeps, triggered at the beginning of swing (vertical dashed line), depicted together with a fast extensor tibiae (FETi) spike raster plot (at top) and a FETi spike count (at bottom) show that the hyperpolarization of I2 was strongest at the time of the highest FETi spike frequency (interspike interval). The highest bin counted 72 spikes (bin size, 0.01 s). D, 1 and 2: normalized presentation of the time course of membrane potential for the same sweeps, normalized to stance (D1) and swing phase duration (D2). E: morphology of NSI I2 in a schematic drawing. F: intracellular recording from NSI I4 during single middle leg stepping; RMP Ϫ58 mV; p-p 16 mV. A phasic depolarization during swing (cf. dotted box) and a repolarization during stance rode on top of a little tonic depolarization, which was maintained throughout the stepping sequence. G: morphology of NSI I4 with the dendritic arborizations being located ipsilateral to the remaining middle leg and the soma contralateral. A few dendrites could be seen along the midline. . Membrane potential modulation of NSIs E2/3, E5, and E8 during stepping. A: intracellular recording from E2/3 during a stepping sequence together with extensor (extracellular nerve recording) and flexor (electromyogram of the flexor muscle) activity and the treadmill signal; RMP, Ϫ54 mV. B: extended presentation of 2 steps (cut-out from A) showing that E2/3 was depolarized strongest at the time of highest extensor activity. Amplitude of p-p modulation, 16 mV. Stance and swing phase are labeled with a black or white bar on top of the presentation. C1: detailed time course of membrane potential in E2/3 at the transition from swing to stance. Seventeen sweeps (gray lines) and average time course (black line) triggered at the beginning of stance (dashed vertical line). C2: the same sweeps, triggered at the beginning of swing (dashed vertical line), depicted together with a FETi spike raster plot (at top) and a FETi spike count (at bottom) show that extensor activity and membrane potential of NSI E2/3 were closely related during swing phase. The highest bin counted 25 spikes (bin size, 0.01 s). D, 1 and 2: normalized presentation of the time course of membrane potential for the same sweeps, normalized to stance (D1) and swing phase duration (D2). E and F: intracellular recordings from NSIs E5 (RMP, Ϫ58 mV; p-p, 14 mV; E) and E8 (RMP, Ϫ45 mV; p-p, 30 mV; F) during stepping. Their membrane potential modulations were qualitatively similar to those of E2/3: a hyperpolarization during stance and a depolarization during swing. G: morphology of NSI E2/3 (G1), NSI E5 (G2), and NSI E8 (G3). phase. A qualitatively similar activity was seen for NSI E8 (N ϭ 9, n ϭ 289; Fig. 4F and Table 2 ). The mean p-p amplitudes of NSIs E2/3, E5, and E8 were in the same range (see Table 2 ), even if recording sequences with p-p amplitudes being smaller or larger as the respective mean were exemplified (Fig. 4, E and F) . The morphology of NSIs E2/3, E5 and E8 is shown in Fig. 4G, 1-3 .
The last NSI of this category, NSI E4 has different output connections than the other E-NSIs because it also affects MNs of other joints. Apart from affecting tibial MNs E4 provides excitatory synaptic drive to levator trochanteris and protractor coxae MNs as well as to the inhibitory MN CI 1, and it provides inhibitory synaptic drive onto depressor trochanteris and retractor coxae MNs (Büschges 1995). NSI E4 (N ϭ 5, n ϭ 284) exhibited strong rhythmic membrane potential modulation during stepping (Table 2 ). Its phasic depolarization during stepping rode on top of a small tonic depolarization (Fig. 5, A and  B) (Sauer et al. 1995) . During stance NSI E4 slowly depolarized (Fig. 5, C and D1) , and it rapidly depolarized to peak at the start of leg swing. Then, the membrane potential gradually repolarized throughout the ongoing swing phase (Fig. 5D2) . In some recordings, the repolarization of late swing was continued in the early stance phase so that the membrane potential eventually crossed RMP value and a little hyperpolarization was visible during stance in individual steps.
The second category of excitatory NSIs, i.e., E1, E7, and E6, exhibited an activity pattern opposite to the first category; they hyperpolarized during leg swing and repolarized or depolarized during stance. E1 (N ϭ 3, n ϭ 128) showed strong phasic hyperpolarizations during stepping, but the membrane potential of E1 remained close to its RMP during stance (Fig. 6, A  ad B ; average p-p amplitude 12.7 Ϯ 2.5 mV, Table 2 ). The depolarization of E1 started shortly after the last FETi spike of the preceding swing phase burst to reach a value near the RMP (Fig. 6, B and C) , and briefly outlasted the stance phase (Fig.  6D1 ). During swing, E1 was hyperpolarized (Fig. 6D2) . The activity of NSI E7 (N ϭ 2, n ϭ 24) resembled E1 qualitatively by weakly depolarizing during stance and hyperpolarizing during swing. However, in contrast, E7 showed very small modulations of membrane potential during stepping (Fig. 6E ). The p-p amplitude in the recording shown was 5 mV (7 mV in a 2nd recording). NSI E6 (N ϭ 7, n ϭ 133) had a much larger p-p amplitude than E1 and E7 (average p-p amplitude 16.3 Ϯ 5.7 mV, Table 2 ). At the beginning of stance, E6 quickly depolarized and continued to do so through the ongoing stance ( Fig. 6F ). At the transition to swing, E6 quickly hyperpolarized to slightly below its RMP. Figure 6G , 1 and 2, shows the morphology of NSIs E1 and E6.
The sign of synaptic inputs that NSIs receive during stepping was studied by performing individual intracellular recordings, e.g., from NSIs I1, I2, E1, and E5, in the discontinuous current-clamp (DCC) mode to accurately manipulate the cell resting potentials and thus the synaptic driving force. The synaptic input driving the membrane potential oscillations of A: modulation of membrane potential in E4 during a stepping sequence. Please note that the membrane potential of E4 does not reach values more negative than RMP (Ϫ55.6 mV) during middle leg stepping. B: extended presentation of 2 steps (cut-out from A showing that E4 was depolarized strongest at the beginning of swing. Amplitude of p-p modulation, 15 mV. Stance and swing phase are labeled with a black or white bar on top of the presentation. C: detailed time course of membrane potential in E4 at the transition from swing to stance; 24 sweeps (gray lines) and average time course (black line). D, 1 and 2: normalized presentation of the time course of membrane potential for the same sweeps, normalized to stance (D1) and swing phase duration (D2). these NSIs was determined by hyperpolarizing the NSIs from their respective RMP or depolarizing the cells. The animal was then animated to perform stepping. It was observed that the depolarization amplitude (during the specific phase in which the NSI was depolarized without current injection) was much larger when the NSI was hyperpolarized, indicating that it receives phasic excitatory synaptic input. The excitatory synaptic input was reduced when the neuron was experimentally depolarized. During the imposed depolarization, NSIs received phasic inhibitory synaptic inputs (during the specific phase in which the NSI was hyperpolarized without current injection). If the neurons were experimentally held hyperpolarized, closer to the reversal potential of the inhibition, a smaller synaptic voltage deflection was seen than without current injection. This is shown exemplarily for NSI I1 in Fig. 7A (The same neuron was shown during stepping without application of current in Fig. 2.) When NSI I1 was experimentally hyperpolarized from its RMP, a tonic depolarization seemed to underlie the mem- A: modulation of membrane potential in E1 during a stepping sequence. Note that the membrane potential is phasically hyperpolarized during leg swing and merely surpasses RMP (Ϫ43 mV) in the positive direction during stance. B: extended presentation of 2 steps (cut-out from A) showing that E1 was hyperpolarized during the time of extensor activity, i.e., during swing. Amplitude of p-p modulation, 13 mV. Stance and swing phase are labeled with a black or white bar on top of the presentation. C: detailed time course of membrane potential in E1 at the transition from swing to stance; 37 sweeps (gray lines) and average time course (black line). D, 1 and 2: normalized presentation of the time course of membrane potential for the same sweeps, normalized to stance (D1) and swing phase (D2). E: intracellular recording from NSI E7 during single middle leg stepping; RMP, Ϫ40 mV; p-p, 5 mV. F: intracellular recording from NSI E6 during single middle leg stepping (see also text); RMP, Ϫ68 mV; p-p, 20 mV. G: morphology of NSIs E1 (G1) and E6 (G2). brane potential modulation during stepping. To determine whether the depolarization (or hyperpolarization) was due to true synaptic excitation (or inhibition), the input resistance of individual types of NSIs was measured at RMP by injecting series of negative current pulses in the bridge or current-clamp mode of the intracellular amplifier. Individual responses resulting from a measurement of the local input resistance of NSI I1 are shown (Fig. 7B) . To facilitate the comparison of voltage deflections at rest and throughout the step cycle, the gray bars that mark one of each condition all have the same size. The input resistance was 8.5 Ϯ 0.6 M⍀ (3 responses for each phase) at rest before the stepping sequence (range: 7.9 to 9.0 M⍀), 5.2 Ϯ 0.5 M⍀ during swing phase (range: 5.0 to 5.8 M⍀), 5.6 Ϯ 1.0 M⍀ during stance phase (range: 5.0 to 6.7 M⍀), and 7.9 Ϯ 0.4 M⍀ at rest after the stepping sequence (range: 7.5 to 8.1 M⍀). The decrease of the local input resistance during both phases of stepping indicated a change in conductance, due to synaptic inputs during both stance and swing phase, which confirmed that the NSI received true excitatory, as well as true inhibitory synaptic inputs. Thus the measurements of changes in the local input resistance corroborated the findings reported on synaptic inputs.
The amplitudes of membrane potential modulation during single leg stepping are summarized for all types of NSIs, together with the RMP values, to give an overview of the operating range for the NSIs analyzed (Fig. 8A) . The RMP of all NSIs recorded ranged from Ϫ33 to Ϫ78 mV in individual recordings and was Ϫ54.5 Ϯ 8.6 mV on average for all NSIs (N ϭ 56) . The p-p amplitude ranged from 5 to 34 mV and was 16.8 Ϯ 6.1 mV on average (N ϭ 56). The most depolarized peak reached Ϫ29 mV, and the most hyperpolarized peak reached Ϫ84 mV. Within each column, all intracellular recordings from one NSI type are presented. In addition to the RMP values, those of the maximum depolarization and maximum hyperpolarization that occurred during stepping were also displayed, together with mean values and SDs in each case. Regarding the modulation pattern, the NSIs fell into two main groups (Fig. 8A) . The first contains the NSIs E2/3, E6, E8, I1, and I2, the membrane potential of which during stepping was strongly and also almost symmetrically modulated around RMP (mean: Ϫ56.4 Ϯ 8.6 mV; N ϭ 37) with depolarizing (mean: 10.3 Ϯ 5.2 mV) and hyperpolarizing (mean: 7 Ϯ 4.1 mV) deflections of similar amplitude. The mean p-p amplitude for this group was 17.3 Ϯ 6.4 mV. In contrast, the membrane potential of NSIs in the second group, E1, E4, E5, E7, and I4, was modulated primarily at levels more depolarized than their RMP (mean: Ϫ50.8 Ϯ 7.5 mV; N ϭ 19). That means that the depolarizing deflections (mean: 10.8 Ϯ 5.9 mV) were in a similar range as in the first group but the hyperpolarizing deflections (mean: 5.1 Ϯ 3.5 mV) were smaller. The mean p-p amplitude of the second group was 15.8 Ϯ 5.6 mV. It is quite conceivable that the variability within NSI types results at least in part from the fact that RMP can vary depending on the posture of the animal (e.g., rest angle of the FTi-joint) (Burrows and Siegler 1978; Bü schges 1990; Siegler 1981 Siegler , 1985 . The p-p amplitude, however, seemed to be rather independent from RMP. Interestingly, one difference between the two groups appeared to be their influence on tibial MN activity depending on their level of transmitter release. Injection of de-and hyperpolarizing current into NSIs of the first group affected the activity of SETi by either increasing or decreasing its discharge rate, e.g., I1, E2/3 (cf. Bü schges 1990). NSIs of the second group affected extensor MN activity only with the injection of depolarizing current, whereas injection of hyperpolarizing current had no influence on the tonic discharge of SETi (cf. Bü schges 1990). Apparently, NSIs of the first group had thresholds for transmitter release at a more hyperpolarized level than their RMP, whereas NSIs of the second group apparently had thresholds at a more depolarized level than their RMP.
The effect of artificially influencing the transmitter release by alteration of the membrane potential was investigated for individual recordings with regard to the motor output. In one recording from NSI I1, for example, stepping sequences were easily elicited at RMP (Ϫ60 mV) and showed a mean of 7.3 Ϯ 5.4 steps per sequence (range: 2-18 steps; 7 sequences). Experimentally induced hyperpolarization resulting in a membrane potential of 10 -30 mV more negative than the naturally occurring hyperpolarization during stepping (range of membrane potential: Ϫ78 to Ϫ98 mV) decreased the number of steps per sequence to a mean of 5.5 Ϯ 2.8 steps (range: 2-10 steps; 8 sequences). Experimentally induced depolarization (range of membrane potential: Ϫ49 to Ϫ41 mV) decreased the number of steps per sequence even stronger (mean value of 3.5 Ϯ 2.1 steps; range: 1-6 steps, 4 sequences). Middle leg stepping was completely terminated by injection of depolarizing current pulses during a stepping sequence (Fig. 8B) regardless of their phase of occurrence. 
Correlation between membrane potential of NSIs and tibial motoneuron activity
Current injections showed that each type of NSI can exert a marked influence on tibial motoneuron activity (this study and previous ones, Büschges and Schmitz 1991; Büschges et al. 1994) , for example, the strong influence of I1 that stopped the generation of leg stepping on depolarizing current injection. Therefore we examined the correlation between the membrane potential of individual NSIs and tibial motoneuron activity. We plotted the instantaneous FETi spike frequency as a function of membrane potential to quantify the relation between the motoneuron activity and the drive provided by individual NSIs. The instantaneous FETi spike frequency was plotted as a function of membrane potential during swing phase, i.e., the phase of FETi activity, for each type of NSI that supported the motor output ( Fig. 9, A-E) .
For the excitatory NSI E2/3 there was a strong positive correlation between membrane potential and the FETi activity during swing phase as described earlier (cf. Fig. 4, A, B, and  C2) . There was a significant positive correlation in all data tested. Spearman's correlation coefficient r s was between 0.43 and 0.66 (Fig. 9A) . Similar to the situation found for E2/3, there was also a significant positive correlation between membrane potential and the FETi activity in all five experiments for NSI E8. The correlation was positive and significant in all data tested ( Fig. 9B; r FIG. 8. Operating range of NSIs and influence of artificial membrane potential alteration on the stepping motor output. A: summary of the operating range in membrane potential of all NSI types analyzed. Each column shows the data from all recordings of 1 respective NSI type, indicated below. To the left in each column are the values for maximum hyperpolarization (E), in the middle the values of RMP ({) and on the right side of each column the values for maximum depolarization (ƒ), each with the column's mean and SD (F, }, for all 3). Based on the pattern of membrane potential modulation 2 groups arose: 1 group (on the left) showed modulations in membrane potential during stepping around RMP with voltage deviations equally dispersed to more depolarized as well as to more hyperpolarized values. The means for all 3 values are given in the 6th column ("mean of group I"). In contrast, in the 2nd group (on the right) the membrane potential was mainly modulated toward more depolarized values from RMP. Symbols correspond to the same parameter as in the 1st group, so does the column mean of group II. On the far right the mean and SD of all values is displayed ("mean of all"). B: the effect that an artificial alteration of the membrane potential has on the motor output was investigated. Injection of brief depolarizing current pulses of ϩ2.5 nA into NSI I1 was capable of terminating stepping in the single middle leg. 9C), only two of five data sets resulted in a significant positive correlation (r s : 0.63 and 0.53). The other three showed a negative correlation, one of them significant, with r s between Ϫ0.14 and Ϫ0.32. A similar result was found for the inhibitory NSI I1 (Fig. 9D) . Two data sets showed a negative correlation (r s : Ϫ0.41 and Ϫ0.85) and the third a positive correlation (r s ϭ 0.35). All three correlations were significant. During stepping, the inhibitory NSI I2 was most hyperpolarized at the time of highest FETi spike activity during swing as described in the preceding text (cf. Fig. 3, B and C2) . This was confirmed by the correlation analyses for I2 ( Fig. 9E ). All data sets showed a significant negative correlation (r s between Ϫ0.37 and Ϫ0.66), indicating that FETi activity was strongly correlated with the membrane potential of I2. To summarize, strong correlations between the instantaneous FETi spike activity and the respective membrane potential of NSIs E2/3, E8 and I2 were found, indicating a finely graded control of extensor activity by these NSIs, whereas the results for NSIs E5 and I1 suggest a more qualitative contribution to extensor activity.
Correlation between membrane potential of NSIs and stepping velocity
To what extent is the time course of membrane potential in premotor NSIs related to alterations of the motor output during stepping? To investigate this, we evaluated the time course of membrane potential changes in NSIs during variations in stepping velocity (mean treadmill velocity during stance phase) (cf. Gabriel and Büschges 2007) . First, the correlation between the modulation amplitude and stepping velocity was quantified. For each NSI recording, the maximum depolarization (peak potential) and the maximum hyperpolarization (trough potential), occurring within each step cycle of all stepping sequences were plotted against the mean belt velocity during stance. This is exemplified first for NSI I1. Figure 10A shows an expanded presentation of two steps with different velocities together with a recording from NSI I1. Peak and trough potential of NSI I1 during stepping are plotted as a function of mean belt velocity in Fig. 10B . The peak depolarization in I1 during stance phase increased significantly with mean belt velocity ( Fig. 10B; solid regression lines) , whereas the trough membrane potential during swing phase showed no systematic changes (dashed regression lines). The same relationship between mean belt velocity and peak and trough potential was also found for NSIs I2 and E1 (Fig. 10, C and D) . In all recordings from NSIs I1, I2 and E1 analyzed the peak depolarization increased significantly with mean belt velocity, and the trough membrane potential showed no significant correlation. No relationship between peak membrane potential and mean belt velocity was found for those NSIs that were depolarized during leg swing (NSIs I4, E2/3, E4, E5, and E8), as shown for NSI E2/3 in Fig. 10E . The same was true for the trough membrane potential in all NSIs except for NSI E5. Three steps with different mean belt velocities are highlighted in the recording from NSI E5 (Fig. 10F ). There it becomes obvious that the hyperpolarization of E5 was the stronger the faster the mean belt velocity was. The trough membrane potential occurring during stance showed a negative slope, which was significantly correlated with mean belt velocity in one recording from NSI E5. As for the other NSIs that depolarized during swing, the peak depolarization occurring during swing phase was independent of mean belt velocity (Fig. 10G) .
In summary, alterations in stepping velocity correlated with modulation of the peak depolarization could exclusively be observed in NSIs I1, I2, and E1, all of which showed a depolarization of membrane potential during stance. None of the NSIs that were depolarized during swing showed peak depolarizations modulated with variations in stepping velocity.
D I S C U S S I O N

Leg kinematics during single leg stepping on a treadmill
The single middle leg preparation and its stepping pattern, formed by the motoneurons' activity during the step cycle, have been previously described in some detail (e.g., Bässler Correlation between membrane potential of NSIs and tibial motoneuron (MN) activity. One exemplary plot of extensor (FETi) spike frequency vs. membrane potential during swing phase is shown for each NSI type analyzed. Spearman's rank correlation coefficients (r s ) are given for all experiments analyzed. A: there was a significant positive correlation between extensor activity and membrane potential of E2/3 for all experiments, see r s values. B: there also existed a significant positive correlation between extensor activity and membrane potential of E8 for all experiments. C: 2 data sets of E5 showed a significant positive correlation. Three others showed a negative correlation with 1 of them being significant. D: 2 data sets of I1 showed a negative correlation and the third a positive correlation. All 3 correlations were significant. E: there was a significant negative correlation between extensor activity and membrane potential of I2 for all experiments. Levels of significance: *, 0.01 Յ P Ͻ 0.05; ***, P Ͻ 0.001. (top trace) showing the time course of membrane potential for 2 steps with different stepping velocities (given on top). B: plot of the peak (solid circle) and trough (open circle) potential of I1 as a function of mean belt velocity during stepping. Data (n ϭ 25 steps) are plotted for the recording partly shown in A together with the regression lines (black; peak potential, solid line; trough potential, dashed line). For a 2nd recording, only the regression lines are given (gray; n ϭ 11). Please note that there was a significant correlation between peak potential of I1 generated during stance and mean belt velocity but not for the trough potential as occurring during swing. C: plot of the peak (solid circles) and trough (open circles) potential of I2 as a function of mean belt velocity during stepping. Original data are plotted for 1 recording (n ϭ 38) together with the regression lines (black; peak potential, solid line; trough potential, dashed line). For a 2nd recording, only the regression lines are given (gray; n ϭ 42). Please note that there was a significant correlation only between peak potential of I2 and mean belt velocity but not for the trough potential as occurring during swing. D: plot of the peak (solid circles) and trough (open circles) potential of E1 as a function of mean belt velocity during stepping. Presentation of data as in C (black: n ϭ 20; gray: n ϭ 15). There was a significant correlation only between peak potential of E1 as occurring during stance and mean belt velocity but not for the trough potential as occurring during swing. E: plot of the peak (solid circles) and trough (open circles) potential of E2/3 as a function of mean belt velocity during stepping. Presentation of data as in C (black: n ϭ 41; gray: n ϭ 19). Please note that there was neither a significant correlation between peak potential in E2/3 as occurring during swing and mean belt velocity nor for the trough potential as occurring during stance. F: intracellular recording from NSI E5 (bottom trace) together with an extracellular extensor nerve recording (2nd trace from bottom) and the treadmill signal (top trace) showing the time course of membrane potential for a stepping sequence with varying stepping velocities (given on top). G: plot of the peak (solid circles) and trough (open circles) potential of E5 as a function of mean belt velocity during stepping. Original data are plotted (n ϭ 12) for the recording shown in F together with the regression lines (black; peak potential, solid line; trough potential, dashed line). For a second recording, only the regression lines are given (gray; n ϭ 8). Please note that there was no significant correlation between peak potential of E5 as occurring during swing and mean belt velocity but instead for the trough potential as occurring during stance. Level of significance: n.s., not significant P Ͼ 0.05; *, 0.01 Յ P Ͻ 0.05; **, 0.001 Յ P Ͻ 0.01; ***. P Ͻ 0.001. 1993a; Fischer et al. 2001) . Our motion-tracking analysis supports earlier qualitative descriptions suggesting the largest change in joint angle to occur in the FTi-joint during single leg stepping (Bässler 1993a; Fischer et al. 2001) . During stance phase, the angle of the FTi-joint decreases almost linearly, which accounts for a relatively constant velocity throughout one single stance movement. In contrast, the changes occurring in CTr-joint angle were much smaller. These results suggest a decisive role of movement-related feedback from the fCO for the control of the motor output in the single middle leg preparation (see following text). We will first discuss the general properties of membrane potential modulation exhibited by the NSIs recorded during single leg stepping as well as their role during changes in stepping velocity. Then we will discuss the significance of our findings for identifying the source of membrane potential modulation, as emerging from a comparison of the data collected to previous studies on reduced preparations.
Activity of identified premotor NSIs during stepping
In all recorded NSIs, the membrane potential was modulated in close relation to the step cycle, and large depolarizations occurred as well as distinct hyperpolarizations. Importantly, the sign of polarization during one phase of the step cycle does not necessarily correlate to the synaptic drive exerted by a given NSI. For example, NSI I4 was depolarized during swing, and NSIs E1, E6, and E7 were depolarized during stance and hyperpolarized during swing. These observations bear up the "parliamentary principle" formulated by Bässler (1993b) ; a term he coined for the distributed processing along parallel premotor pathways in the stick insect locomotor system. Besides evidence from the stick insect, in which such processing has been shown to occur at various levels of sensorimotor processing in postural and movement control (Büschges 1990; Büschges and Schmitz 1991; Kittmann et al. 1996; Sauer et al. 1996; review in Bü schges et al. 2000) , the same way of neural processing, called "distributed processing", has been described in other motor systems (e.g., leech bending reflexes: reviewed in Kristan 2000; vertebrates: e.g., Osborne and Popelle 1992) . In the stick insect, that means that there were types of NSIs that were activated (depolarized) during swing and others that were activated during stance, regardless of their classification as E-(excitatory) or I-(inhibitory) NSI. This basic principle of NSI activity during single leg stepping is schematically drawn in Fig. 11 , which will serve in the course of the discussion to point out, explain or summarize functions of NSIs.
MODULATION PATTERN OF IDENTIFIED PREMOTOR NSIS DURING SINGLE LEG STEPPING. Individual types of NSIs received strong phasic input during specific phases of the step cycle. For instance, phasic excitation was seen in the NSIs E1, E6, E7, I1, and I2 during stance and in the NSIs E2/3, E4, E5, E8, and I4 during swing (cf. Fig. 2-6) . Phasic excitatory and inhibitory modulations during stepping resulted from true excitatory as well as inhibitory synaptic inputs as was corroborated by artificial alterations of the membrane potential during recordings in the DCC mode and measurements of the local input resistance. Most NSI types showed an inversion of membrane potential polarization from one phase of the step cycle to the other (schematized in Fig. 11) . A depolarization during stance was usually followed by a hyperpolarization during swing and vice versa. NSIs that received phasic excitation on top of a tonic depolarization throughout a stepping sequence, e.g., E4 and I4, showed a repolarization instead of a hyperpolarization in the second half of the step cycle. Tonic depolarizations throughout stepping sequences seemed to be not as prominent as described by Ludwar et al. (2005) for some mesothoracic NSIs, e.g., E4, during front leg stepping of the stick insect, but in contrast, the phasic modulations were much stronger. So either the tonic depolarization underlying stepping sequences was hidden by the strong phasic modulations and therefore appeared less prominent or the tonic depolarization results from the action of pathways for intersegmental coordination of stepping, thus potentially also from intersegmental sensory information lacking in the single middle leg preparation used here. . Summarizing scheme on NSI functions. There were NSIs that were activated during swing phase, e.g., NSIs E2/3, E5, E8, which means that they were depolarized during swing and hyperpolarized during stance. Other NSIs were activated during stance phase, e.g., NSIs E1, I1, I2, which means that they were depolarized during stance and hyperpolarized during swing. The black (dotted) box depicts the NSIs that were found to tightly control the extensor (FETi) MN activity. These are the excitatory NSIs that depolarized during swing, NSIs E2/3, and E8, as well as the inhibitory NSI I2, which by its hyperpolarization during swing supported the (extensor) motor output and released the extensor MN activity gradually by disinhibition. The gray box shows NSIs that are involved in the control of stepping velocity. NSIs that depolarized during stance, such as NSIs I1, I2, and E1, were found to contribute to the control of stepping velocity by modulation of their membrane potential: the peak potential of these NSIs exclusively was correlated to stepping velocity, whereas no correlation of peak potential and mean stepping velocity existed for the NSIs that were activated during swing. Only 1 NSI, namely NSI E5, received inhibition during stance phase that was related to stepping velocity. This indicates that not only the stance part of the locomotor network (i.e., the NSIs that are activated during stance) is stronger activated (depolarized) during stance when fast steps are performed but also the extensor, i.e., swing, part (i.e., the NSIs that are activated during swing) is stronger inhibited simultaneously. Furthermore, no influence of stepping velocity on extensor MN activity or vice versa is present. Stepping velocity and extensor MN activity were found to be independent. The activation strength of stance does not influence the subsequent activation strength of swing, at least, not in the way that there would have been a velocity dependent influence between stance and swing phase generation.
With respect to the phasic modulation of membrane potential during single leg stepping, the NSIs recorded fell into two groups. One group showed strong modulations around the mean RMP, and a second group showed mainly modulations from the RMP toward more depolarized levels (cf. Fig. 8A ). The mean RMP amounted to Ϫ54.5 Ϯ 8.6 mV (N ϭ 56; range: Ϫ33 to Ϫ78 mV). This range corresponds to NSI data in the locust (Ϫ35 to Ϫ60 mV) (Burrows and Siegler 1978) , being more extended toward hyperpolarized values. Each group contained at least one inhibitory NSI (I1, I2 or I4) (Büschges 1990; Sauer et al. 1996) , two of four NSIs known to provide excitatory drive onto both extensor motoneurons SETi and FETi in the resting animal (E6, E8, or E4, E5) (Büschges 1990; Stein and Sauer 1998) , and at least one NSI influencing antagonistic motoneuron-pools innervating muscles of different leg joints (I2 or E4, I4) (Büschges 1990; Sauer et al. 1996) . The variability of measured RMP values can be explained by the fact that, even in the quiescent animal, NSIs receive sensory information about the leg position, measured as FTi-angle, which in turn influences the membrane potential (locust: Burrows and Siegler 1978; Siegler 1981 Siegler , 1985 stick insect: Büschges 1990) , although the RMP of NSIs depends on the resting angle of the FTi-joint and on the direction and the velocity from which that angle was approached (Siegler 1985) . The NSIs studied differed concerning their operating ranges (Fig. 8A) . Knowing that the actual membrane potential of a NSI is directly linked to its graded transmitter release, this raises two suggestions: first, the p-p amplitude probably describes the voltage range of a neuron (at a given recording site) from no transmitter release to full transmitter release. The p-p amplitude was 16.8 Ϯ 6.1 mV on average [N ϭ 56; range: 34 mV (e.g., E2/3) to 5 mV (e.g., E7)]. Second, there are several types of NSIs that seem to gradually control the motor output over a wide range and so possibly play an important role in the fine tuning of the strength of the motor output, i.e., NSI E2/3, whereas other NSIs operated in a much smaller range, i.e., NSI E7, and could have a lesser impact on motor control during single leg stepping. This matches with the finding that most NSIs of the first group were found to support the ongoing motor output during stepping and most NSIs of the second group to oppose it. The weak modulation of NSI E7 does, of course, not exclude the possibility of an involvement in the generation of stepping in the intact animal; in this case, the weak modulation could be due to the absence of intersegmental and local sensory input in the single leg preparation. The average p-p amplitude for the NSIs presented was much larger than those reported for individual NSIs in the locust during walking (10 mV) (Wolf and Büschges 1995) . The variations of p-p amplitude within NSI types probably depend at least in part on the recording site (e.g., diameter of the impaled dendrite, input resistance and distance to active synapses) (cf. Graubard and Calvin 1979 (Bässler and Büschges 1998; Büschges et al. 1994; Kittmann et al. 1996) as well as for individual NSIs in the locust walking on a treadmill (Wolf and Büschges 1995) . In six-legged walking of the stick insect, as in the locust, the membrane potential modulation in E4 is modulated around its RMP, differing from single middle leg stepping, where it is mostly modulated toward membrane potential values less negative than RMP. NSI E4 is maximally depolarized at the beginning of the swing phase during six-legged walking and is subsequently repolarized. It reaches its minimal membrane potential at the beginning of stance and is increasingly depolarized during ongoing stance. This differs from single leg stepping, during which its membrane potential stays more or less constant throughout stance, being rapidly depolarized only late in stance prior to the start of leg swing. Given the fact that in six-legged treadwheel walking, the leg is free to move in the horizontal plane as well, i.e., in the thorax-coxa joint, it is quite conceivable that positional or strain signals, elicited by a coxal movement, may contribute to the depolarizing synaptic drive during stance. To the contrary, the modulation pattern of NSI I1 in single leg stepping pretty much resembles the time course in six-legged walking on a treadwheel (cf. Bässler and Büschges 1998; their Fig. 13E ). The membrane potential is continuously depolarized during stance and hyperpolarized below RMP during leg swing, thereby being rather constant within the two phases. In both conditions, injection of depolarizing current heavily affected ongoing stepping activity. During single leg stepping, NSI I1 strongly affected the stepping activity of the segmental leg, as it does in six-legged walking on a treadwheel (cf. Bässler and Büschges 1998; their Fig. 13E ). The mean number of steps that the animal performed per sequence changed when the membrane potential was experimentally varied. In the stick insect, data from other types of NSIs are needed to further answer the question in which way the activity of the premotor network during single leg stepping differs from semi-intact six-legged walking.
CORRELATION BETWEEN MEMBRANE POTENTIAL OF NSIS AND TIBIAL
MOTONEURON ACTIVITY. The close correlation of the membrane potential in individual types of NSIs with the MN activity indicates that their synaptic drive substantially contributed to the patterning of motor output in tibial MNs. Extensor (FETi) MN activity showed strong correlations with the actual membrane potential in NSIs E2/3, E8, and I2 (cf. Fig.9, A, B , and E; schematized in Fig. 11 , black dotted box) indicating that these NSIs not only support a general activation of extensor activity (in case of I2 by a release from inhibition) but also an influence on the fine tuning of extensor activity during its specific phase of activity within the step cycle. It needs to be noted, however, that in some of these NSIs, the observed activity of FETi differed from the expected: as such for NSIs E2/3 no correlation appeared to be present during the initial part of their depolarization prior to the onset of swing (Fig.  4C2) . There are two possible explanations: 1) the membrane potential of FETi is too strongly hyperpolarized by inhibitory synaptic inputs prior to its activation for leg swing, which prevents suprathreshold activation in response to the depolarization of E2/3, a possibility that is conceivable from the MN data available (see Gabriel and Büschges 2007) , 2) this might indicate that some kind of gating exists for the influence of NSIs on their postsynaptic MN pools, preventing their influence during some phases of the walking cycle. NSIs E5 and I1 showed no consistent correlation between membrane potential and FETi spike frequency (cf. Fig. 9) , thereby suggesting either an indirect contribution to extensor activity, possibly mediated trough a polysynaptic connection, or suggesting that there may exist a differing tuning for individual NSI-to-MN-pathways in individual animals. NSI I1 seemed to contribute to the motor output by disinhibition of extensor MN activity without any further control of extensor output magnitude. Studying the alterations in time course of membrane potential with varying stepping velocity indicated that the previous interneurons might play a role in the control of stepping velocity (see following text).
MEMBRANE POTENTIAL MODULATION IN IDENTIFIED NSIS RELATED
TO CHANGES IN STEPPING VELOCITY. Our recordings show that modifications in stepping velocity (treadmill velocity) are paralleled by modifications in the modulation in membrane potential in identified NSIs; however, with specific modifications only related to stance. These results are in line with and extend previous findings on changes in stepping velocity of the stick insect. Stick insects, as many other insects, modify stepping velocity by altering cycle period of stepping and leave stride length constant (e.g., Wendler 1964; but cf. Strauss and Heisenberg 1990) . In six-legged walking, alterations are mainly confined to stance duration with leg swing remaining largely unaffected (Graham 1972; Wendler 1964; summarized in Graham 1985) . This also holds for a single stepping leg as was shown by Gabriel and Büschges (2007) . Intracellular recordings from tibial extensor MNs generating swing revealed that their activity pattern and thus also leg swing remained unchanged with varying stepping velocity. Alterations in activity and depolarization pattern were confined to flexor MNs that generate stance. These recordings showed that there was an apparent lack of influence of alterations in stance phase motor output on the synaptic drive to leg swing MNs. These findings indicate that alterations in swing phase movements of legs described on the behavioral level related to the actual walking condition, like six-legged up-hill versus down-hill walking (Schmitz et al. 2000) are not generated locally, but that such modifications may rather derive from intersegmental influences.
The presented results on alterations in membrane potential modulation in NSIs with changing stepping velocity give further support for the above-described finding on the motoneuronal level. Only those NSIs that were depolarized during stance exhibited modifications in the time course of membrane potential related to stepping velocity, i.e., NSIs I1, I2, and E1 (cf. Fig. 10 ; schematized in Fig. 11, gray box) . NSIs E6 and E7 did not show any modifications with changing stepping velocity. No changes at all were detected in NSIs that were hyperpolarized during leg stance and depolarized during leg swing, i.e., NSI I4, E2/3, E4, E5, and E8. Only in one of these interneurons, NSI E5, the hyperpolarization during leg stance increased with increasing stepping velocity (Fig. 11, gray box) ; however, the modulation during leg swing remained unchanged (cf. Fig. 10 ). The intracellular recordings revealed that, indeed, only those parts of the premotor network that are involved in stance generation undergo modifications in the synaptic drive generated, while NSIs that contribute to the generation of leg swing did not exhibit changes with stepping velocity. These results support earlier indirect evidence suggesting that the leg muscle control system generates either of the two stepping phases, i.e., stance and swing, rather independent from the other (cf. Graham 1985; Wendler 1964) . These results further question the notion recently pushed forward that the neural coupling within the networks generating stance and swing may consequently lead to tightly coupled changes in leg swing, when the motor output during leg stance is modified (Cruse 2002) . Subsequent investigations will have to unravel those mechanisms that underlie the modifications in synaptic drive to premotor NSIs contributing to alterations in synaptic drive to stance MNs of the stick insect leg when stepping velocity is modified.
Comparison of NSI contribution to the stepping output and to the active reaction
Today it is a common notion that one important way by which sensory signals contribute to the stepping pattern is the reinforcement of ongoing motor output (reviews in Büschges and Gruhn 2008; Clarac et al. 2000; Pearson 2000 ) (see also INTRODUCTION) . For example, in the active stick insect, flexion signals from the FTi-joint, i.e., the knee joint, reinforce flexor and inhibit extensor tibiae activity in the front and middle leg up to a certain joint position when extensor activity resumes and flexor activity terminates (Bässler 1976 (Bässler , 1988 . This motor response is the so-called AR, released by elongation of the femoral chordotonal organ (fCO) mimicking a flexion of the FTi-joint in the restrained preparation. Such response to sensory feedback is ubiquitous for movement and force-related feedback from the limb in well-studied walking systems, e.g., in vertebrates (cat: Forssberg et al. 1975; Pearson and Collins 1993; humans: Duysens and Tax 1994; Gray et al. 2007 ) and invertebrates (crab: DiCaprio and Clarac 1981; crayfish: E1 Manira et al. 1991; Skorupski and Sillar 1986; locust: Bässler 1992; Zill 1985) . However, as yet, evidence for such influence arises mostly from stimulation of leg sense organs in reduced preparations generating locomotor-like activity (e.g., Bässler 1986; DiCaprio and Clarac 1981; Pearson and Collins 1993) , which makes it difficult to assess its significance under in vivo walking conditions. Our results on the modulation of membrane potential in premotor NSIs of the femur-tibia control network may support the notion that such assisting action of sensory feedback is significant for the generation of the stepping motor output in a single leg.
In the single leg preparation used (Bässler 1993a; , stepping movements of the middle leg involve only two of the three main leg joints, i.e., the CTr-and the FTi-joint, with the main excursions being present in the tibia, i.e., the FTi-joint, as being shown in the present study (cf. Fig. 1 ). Furthermore, other leg sensors potentially activated during single leg stepping have no marked influence on tibial motoneuron activity. First, sensors at the ThC-joint are inactivated due to deafferentation. Second, Akay et al. (2001) showed that movement signals from the CTr-joint, e.g., signaled by the trochanteral and the rhombal hair plates, do not affect tibial motoneurons. Similarly, tarsal signals were found to affect flexor motoneurons only weakly (Fisch 2007) . Only for sensory signals from load sensors on the cuticle, i.e., the femoral campaniform sensillae, evidence is available that these do affect the membrane potential of NSIs driving tibial motoneurons (Akay 2002) . This latter fact, however, does not falsify the conclusion that movement signals from the FTi-joint during single middle leg stepping serve a prime role in influencing tibial motoneuron activity. The single leg preparation thus bears sufficient similarities to the situation in a restrained animal, when the AR is released by fCO stimulation only (cf. Bässler 1988; Bässler and Büschges 1998) . We therefore compared the time course of membrane potential of the NSIs recorded in this study (Table 2) with their known time course of membrane potential during the generation of the reflex reversal, i.e., the AR (Bässler 1988) . Driesang and Büschges (1996) studied the time course of membrane potential in NSIs on fCO stimulation in the restrained animal. They reported that NSIs E2, E3, and E5 were hyperpolarized by flexion signals from the fCO, while NSIs E1, E4, I1, and I2 were depolarized by flexion signals. Those NSIs that by their time course of membrane potential supported the generation of the AR, for example, NSIs E2 and E3, exhibited a hyperpolarization during flexion signals from fCO and were depolarized simultaneously with the subsequent activation of extensor motoneurons. In single leg stepping, E2/3 NSIs were hyperpolarized during the flexor motoneuron activity in stance and depolarized during the activity of the extensor motoneuron, i.e., during leg swing. Thereby the time course of membrane potential supported the ongoing motor output, as it was the case for the AR. The same was true for NSIs E5, E8 as well as for I1 and I2. Their time course of membrane potential supported the ongoing output of tibial motoneurons during stepping. Correlation analysis of membrane potential with extensor activity (cf. Fig. 9 ) supports this conclusion for NSIs E2/3, E8, and I2. The NSIs I1 and I2 supported the motor output by exhibition of a depolarization during the flexor MN activity in stance and hyperpolarized during the activity of the extensor MN in swing. NSI E4 strongly supported the extensor MN activity in early swing and somewhat lesser in late swing, and its membrane potential was mainly depolarized during flexor MN activity during stance. Albeit a great variability was reported for NSI E4 in response to fCO signals in the active animal basically the same activity was described as during single leg stepping: E4 showed a depolarization during flexion signals and a peak potential being reached with onset of extensor MN activity during the AR (Driesang and Büschges 1996) . Thereby E4 basically shows the same modulation during stepping and the AR and differs only in the qualitative classification of its contribution. For the NSIs that opposed the ongoing motor output, i.e., for NSIs E1, E7, and I4, the reverse situation was found as for supporting NSIs. Again also for these NSIs, membrane potential modulation during stepping was similar to the modulation in membrane potential during the AR. In Table 2 the quality of contribution to the generation of the AR on the one side and the generation of stepping motor output on the other side is listed for all types of NSIs.
Altogether our results show a marked accordance between both experimental situations, with only one exception, i.e., NSI E6. Driesang and Büschges (1996) found NSI E6 to support the second part of the AR, whereas almost no changes in membrane potential of NSI E6 could be found during the first part, due to overlapping excitatory and inhibitory inputs. Differing from this, during single leg stepping NSI E6 was strongly depolarized during stance and hyperpolarized during swing, a time course that is almost reversed compared with the one during the generation of the AR. Apart from this one difference, however, there is a marked accordance of the time courses of membrane potential in all NSIs recorded during stepping activity as compared with the time courses of membrane potential during the generation of the AR. Thus our recordings from NSIs strongly suggest that the motor response generated by the contribution of the premotor tibial network during the AR indeed represents a part of the control regime for generating single leg stepping as previously hypothesized (Bässler 1988 (Bässler , 1993a . This finding is generally important because it provides for the first time evidence that the neural mechanism of reinforcement of movement is active during the execution of stepping in an animal.
